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Abstract
Background: The phenomenon of short-term tinnitus sup-
pression by different forms of acoustic stimulation is referred 
to as residual inhibition (RI). RI can be triggered in the major-
ity of tinnitus cases and was found to be depending on the 
used intensity, length or types of sounds. Past research al-
ready stressed the impact of noise stimulation as well as the 
superiority of amplitude modulated (AM) pure tones at the 
individual tinnitus frequency for RI in tonal tinnitus. Recent-
ly a novel approach for the determination of noise-like tin-
nitus characteristics was proposed. Objectives: The aim of 
the present study was to investigate whether in participants 
with noise-like tinnitus RI can be increased by AM noise stim-
uli according to the individual tinnitus frequency range. 
Methods: For this purpose the individual tinnitus character-
istics (noise-like and tonal tinnitus) of 29 people affected by 
tinnitus (mean age = 55.59, 7 females, mean tinnitus dura-
tion = 159.97 months) were assessed via customizable noise-
band matching. The objective was to generate bandpass fil-
tered stimuli according to the individual tinnitus sound (in-
dividualized bandpass filtered [IBP] sounds). Subsequently, 
various stimuli differing in bandpass filtering and AM were 
tested with respect to their potential to induce RI. Partici-
pants were acoustically stimulated with 7 different types of 
stimuli for 3 min each and had to rate the loudness of their 
tinnitus after each stimuli. Results: Results indicate a gen-
eral efficacy of noise stimuli for the temporary suppression 
of tinnitus, but no significant differences between AM and 
unmodulated IBP. Significantly better effects were observed 
for the subgroup with noise-like tinnitus (n = 14), especially 
directly after stimulation offset. Conclusions: The study at 
hand provides further insights in potential mechanisms be-
hind RI for different types of tinnitus. Beyond that, derived 
principles may qualify for new or extend current tinnitus 
sound therapies. © 2020 The Author(s)
Published by S. Karger AG, Basel
Introduction
Chronic subjective tinnitus is defined as the perma-
nent perception of a sound such as ringing or hissing in 
the absence of an external or internal source of noise. Ap-
This article is licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (CC BY-
NC-ND) (http://www.karger.com/Services/OpenAccessLicense). 
Usage and distribution for commercial purposes as well as any dis-
tribution of modified material requires written permission.
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proximately 10–15% of the population in industrial coun-
tries experience this phantom sound [Langguth et al., 
2013; Erlandsson and Dauman, 2013; Heller, 2003; Hall 
et al., 2011]. Causes for the development of tinnitus are 
divergent and not completely understood, though most 
commonly tinnitus occurs towards cochlear damages due 
to noise trauma [Langguth et al., 2013]. In the majority of 
cases, the perceived tinnitus pitch is in accordance with 
the frequency spectrum of hearing loss (HL) [Basile et al., 
2013; Roberts et al., 2008]. As a consequence of decreased 
or absent auditory input and the subsequent deficiency of 
neural input, maladaptive pathological changes in the au-
ditory pathway are formed, which lead to the perception 
of a “phantom sound” defined as tinnitus [Eggermont, 
2007; Eggermont and Tass, 2015; Eggermont and Rob-
erts, 2012]. Neurophysiological investigations of tinnitus 
were able to demonstrate hyperactivity in auditory brain 
areas [Farhadi et al., 2010; Folmer, 2007] as well as aber-
rant oscillatory brain activity and connectivity patterns 
[Schlee et al., 2009, 2014; Moazami-Goudarzi et al., 2010; 
Mohan et al., 2016]. Available treatment options have 
only limited efficacy and to date there is no cure available 
[Baguley et al., 2013]. Auditory stimulation is one poten-
tial treatment approach for tinnitus, but also provides in-
sights to basic mechanisms of tinnitus [Roberts et al., 
2008; Fournier et al., 2018].
Almost half a century ago, Feldmann [1971, 1983] in-
vestigated the phenomenon of short-term tinnitus sup-
pression after sound stimulation. This temporary sup-
pression is referred to as “residual inhibition” (RI), which 
manifests in individual suppression patterns (i.e., dura-
tion, depth and shape) and can be triggered in 60–80% of 
tinnitus cases [Roberts, 2007; Vernon and Meikle, 2003]. 
Various recent studies scrutinized RI in more depth. Data 
from several investigations suggest the effects of RI to be 
more prominent with sounds close or within the indi-
vidual tinnitus frequency spectrum [Roberts et al., 2006, 
2008; Schaette et al., 2010]. Factors including duration or 
intensity of the stimuli also affect RI [Terry et al., 1983; 
Norena et al., 2002; Vernon and Fenwick, 1984; Neff et 
al., 2017]. In contrast, the underlying neurophysiological 
mechanisms of RI are not clearly understood yet [Rob-
erts, 2007; Galazyuk et al., 2019]. Most recent work sug-
gests that tinnitus suppression through sound stimula-
tion is related to reduced spontaneous firing of central 
auditory neurons [Galazyuk et al., 2017, 2019].
The importance of stimulation intensity and frequen-
cy was verified in a recent work from Fournier et al. 
[2018], who developed a novel approach for RI testing 
described as Minimum RI Level. Thereby, people had to 
adjust the intensity of customized stimuli up to the point 
where their tinnitus is suppressed during a given interval 
after the offset of the stimulus. Results show an occur-
rence of RI in 86.7% of people with tinnitus by using this 
method [Fournier et al., 2018].
Despite noise-like tinnitus perception in many cases, 
to the best of our knowledge, none of the previous men-
tioned studies included a genuine matching for noise-like 
tinnitus, that is, determination of noise band-width [Rob-
erts et al., 2006; Fournier et al., 2018].
Recently Henry et al. [2013] proposed a novel ap-
proach for tinnitus matching procedures taking into con-
sideration the tinnitus type. In addition to the determina-
tion of the centre frequency, people with tinnitus were 
also able to adjust the band-width of their tinnitus [Hen-
ry et al., 2013]. Here we aim to use both frequency and 
band-with information to develop individualized stimuli, 
especially for people with noise-like tinnitus, for the in-
vestigation of RI.
Previous studies investigating the effects of differently 
modulated sounds on RI revealed that amplitude modu-
lated (AM) tones near or at the individual tinnitus fre-
quency result in larger RI [Reavis et al., 2012; Tyler et al., 
2014]. Furthermore, differential results for specific am-
plitude modulation rates were observed [Neff et al., 2017, 
2019].
The experiment aims at investigating the effects of dif-
ferent noise stimuli with and without AM on RI. The 
overarching goal is to establish new acoustic stimulation 
techniques for basic RI research as well as generating 
principles for possible future sound stimulation concepts 
with the AM stimulus class. For this purpose, the indi-
vidual tinnitus characteristics are assessed via noise-band 
matching as suggested by Henry et al. [2013] in order to 
create personalized stimuli for RI examination.
Previous studies in the field of RI already emphasized 
the impact of noise stimulation on tinnitus perception in 
tonal tinnitus [Henry et al., 2013; Fournier et al., 2018; 
Roberts et al., 2006, 2008]. To the best of our knowledge, 
none of the existing experiments systematically investi-
gated these noise stimulation methods, in particular the 
application of AM or bandpass filters (BP) to noise stim-
uli, in noise-like tinnitus.
According to this, the current experiment represents 
the first attempt to investigate the effects of an adminis-
tration of individualized BP settings (IBP) and different 
rates of AM (10 and 40 Hz) to white noise (WN) on RI.
These stimulation methods are furthermore merged to 
a novel combinatory approach to apply IBP and AM to 
WN simultaneously and scrutinize its efficacy in RI.
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Additionally, each of the used stimuli was examined 
with regards to induced arousal and valence as rated by 
the participants, since differences in stimuli evaluation 
could potentially affect tinnitus suppression.
Besides the assumption of the efficacy of all deployed 
noise stimuli in short-term tinnitus inhibition (in both 
noise-like and tonal tinnitus), we expect that IBP differs 
in its effects on RI from unadjusted WN. We hypothe-
sized that the IBP would result in different strengths of 
residual tinnitus suppression compared to WN. Yet, giv-
en the lack of previous studies we are not able to define a 
directed hypothesis here. Furthermore, building on the 
insights of previous work, we hypothesize that stimula-
tions with AM noise (filtered or unchanged) result in 
larger RI than their unmodulated counterparts.
Methods
Participants
The sample for this experiment consisted of 29 participants (7 
female) between 18 and 75 years with noise-like (n = 14) or tonal 
tinnitus (n = 15) with a tinnitus duration of > 6 months. Partici-
pants were recruited from the Interdisciplinary Tinnitus Centre in 
Regensburg, Germany. For detailed sample characteristics see Ta-
ble 1. Primary inclusion criteria were no somatic, mental health or 
neurological conditions and no current intake of psychotropic 
medications or substances. Alike, participants were not allowed to 
participate in other tinnitus-related studies. The methods and the 
procedures used in this study were examined and approved by the 
local Ethics Committee of the University of Regensburg (16-101-
0061). All participants were sufficiently informed about the aim, 
methods, and duration of the study, possible side effects, and gave 
written informed consent prior to the start of the experiment.
Psychometry
Each participant filled in an online survey composed of Ger-
man versions of the Tinnitus Handicap Inventory [Newman et al., 
1994; Kleinjung et al., 2007], the Tinnitus Questionnaire (TQ) 
[Goebel and Hiller, 1994; Hallam et al., 1988], a brief version of the 
Hyperacusis Questionnaire (mini-HQ9) [Goebel et al., 2013] and 
the Tinnitus Sample Case History Questionnaire for tinnitus-re-
lated clinical and demographic information [Langguth et al., 
2007].
Audiometry
For the purpose of individual hearing threshold determination, 
frequencies ranging from 125 Hz to 8kHz in octave steps including 
semi-octave steps between 0.5 and 1 (i.e., 0.75 kHz), 1 and 2 (i.e., 
1.5 kHz), 2 and 4 (i.e., 3 kHz) and 4 and 8 kHz (i.e., 6 kHz) were 
quantified with a clinical audiometer (Madsen Midimate 622D; 
GN Otometrics, Denmark). Sennheiser HDA 2000 headphones 
(Sennheiser, Germany) were used for audiometric measurements, 
subsequent tinnitus matching and acoustic stimulation. Minimum 
masking level (MML) was assessed by increasing the loudness of a 
WN sound (Madsen Midimate 622D; GN Otometrics, Denmark) 
until their tinnitus was completely masked.
Tinnitus Matching
In order to ascertain participants individual tinnitus pitch, the 
Method of Adjustment approach [Henry et al., 2013] was per-
formed with a custom-made MAX application (MAX 7; Cy-
cling’74, USA) together with a modular hardware controller (Pa-
lette Expert Kit; Palette, Canada). The matching procedure’s steps 
were in accordance with the order within the Tinnitus Tester pro-
cedure [Roberts et al., 2008] with an additional test for octave con-
fusion at the end. Prior to tinnitus matching, participants were 
asked to vocalize or describe their tinnitus to distinguish between 
noise-like and tonal tinnitus types as indicated in the recruiting 
process. Following on that, they were instructed and trained for the 
process of tinnitus matching. Parameters examined by the match-
ing procedure were as follows: tinnitus frequency, respectively 
centre frequency for noise-like tinnitus (Hz), tinnitus loudness 
(dB) and tinnitus laterality (0 = left ear; 127 = right ear; thus a 
value of 63 describes a bilateral tinnitus). Control units of the 
matching controller were labelled accordingly. The step size of fre-
quency dial was marginally below a semitone and ranged from 
40 Hz to 16 kHz. For tonal tinnitus matching, a 3 kHz pure tone 
with comfortable loudness was set as a starting point, followed by 
an adjustment of the frequency by the participants to determine 
their individual tinnitus frequency. Finally, tinnitus loudness and 
laterality were adjusted with the matching controller to complete 
the matching procedure. In case of noise-like tinnitus, the starting 
sound was a filtered broadband noise (bandwidth: 1/3 octave of 
centre frequency). Participants were able to adjust the centre fre-
quency of the noise and also the bandwidth of the filter settings 
according to their individual tinnitus noise. Subsequently, loud-
ness and laterality were identified just as with the pure tone match-
ing. Finally, participants rated the agreement of their tinnitus with 
the matched sound on a 1–10 scale. To assess individuals sensation 
level (SL), the hearing threshold of the frequency next to the indi-
vidual tinnitus frequency or centre frequency was used (i.e., step-
ping down to the next lower frequency. For example, if the indi-
vidual tinnitus frequency was 7.4 kHz, the hearing threshold at 
7 kHz was investigated). The matching procedure was repeated 
after the acoustic stimulation block of the experiment.
Acoustic Stimulation
Seven different modified noise stimuli were created in MAT-
LAB (Matlab R2015a; Mathworks, Natick, MA, USA) and utilised 
for a 3 min acoustic stimulation with an intensity of 60 dB SL. 
Stimuli set consisted of unmodified WN, WN with AM rates at 
10 Hz (WN10) and 40 Hz (WN40), as well as a IBP with the same 
modulation rates (IBP, IBP10, IBP40). BP width was set according 
to the matching results in noise-like tinnitus participants. In par-
ticipants with tonal tinnitus, the previously matched individual 
tinnitus pitch was used to deploy an IBP to WN with a range of one 
octave [Pantev et al., 2012]. Furthermore an IBP WN with 10 Hz 
AM rates at MML intensity (IBP10_MML) was used for acoustic 
stimulation in order to contrast SL and MML. Acoustic stimula-
tion was conducted in a randomized order for each session with a 
maximum loudness of 80 dBSPL diotically over the headphones. 
If participants experienced discomfort, they were able to stop the 
stimulation and experimental procedures at any time. Following a 
3-minute stimulation for each stimulus, participants evaluated 
their tinnitus loudness (%) in comparison to prior the particular 
stimulation on a numeric rating scale (0% up to 140% in 10% steps) 
at 7 different points in time (0, 30, 60, 90, 120, 150 and 180 s after 
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Fig. 1. Audiometry and Tinnitometry. Audiometric measurement results for both ears together with individual 
tinnitus frequency (i.e., centre frequency of the IBP) and loudness as identified by tinnitus matching split for 
noise-like and tonal tinnitus. It should be noted, that tinnitus/centre frequency overlaps with the frequencies of 
HL. HL, hearing loss.
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stimulation offset). Moreover, participants rated the induced va-
lence and arousal of each single stimulus with pictorial manikin 
scales [Bradley and Lang, 1994].
Statistical Analysis
All statistical analyses were performed using the statistic soft-
ware R (R version 3.4.3; R Foundation for Statistical Computing, 
Austria) and the packages “psych,” “emmeans,” “sjstats,” and 
“lme4.” Tinnitus loudness and stimulus evaluation data were ana-
lysed by means of linear mixed effect models for each dependent 
variable denoted as response (tinnitus loudness, valence, arousal). 
Potential Models were compared with Likelihood Ratio Tests in a 
step-wise selection approach [Harrison et al., 2018]. Following 
predictors as well as their interactions were tested in the model fit-
ting procedure: condition (stimuli used; see acoustic stimulation 
section), group (noise-like tinnitus, tonal tinnitus), time (0, 30, 60, 
90, 120, 150, 180 s after stimulation end), gender (male, female), 
age, tinnitus duration, tinnitus loudness (according to first tinnitus 
matching), MML and tinnitus distress (TQ sum score). The pro-
portion of explained variance was identified by marginal (variance 
of the fixed effects) and conditional (variance of fixed and random 
effects) R2 [Nakagawa et al., 2017]. In any of the fitted models, the 
participant (id) was treated as a random effect. Fixed effects of the 
final model were tested via expected mean square approach. Post-
hoc Tukey tests were calculated to contrast responses for condition 
and group. In order to test for a potential bias due to the sequence 
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Fig. 2. Tinnitus loudness time curve split by group. For each stim-
ulus the tinnitus loudness rating over all time points is plotted sep-
arated for noise-like and tonal tinnitus (CIs at 95% shown as brack-
ets). Overall, each stimulus was able to suppress tinnitus loudness 
(cf. online suppl. Table S1). In terms of suppression averaged over 
time but also at T0, stimulus IBP appeared to produce the strongest 
effect on loudness in the noise-like tinnitus group, whereas in the 
tonal group, stimulus IBP40 induced the lowest tinnitus loudness 
on average. However, directly after stimulation WN40 showed the 
strongest suppression. WN, white noise; MML, minimum mask-
ing level; IBP, individualized bandpass filtered.
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of the stimuli used for acoustic stimulation (position effect), a me-
dian split was conducted on the positions variable and differences 
in means were then tested with Student t tests.
Analysis of descriptive group differences (noise-like vs. tonal 
tinnitus) for parametric variables was done by the means of two-
sample t tests. In case of violation of normal distribution and ho-
moscedasticity, non-parametric testing via independent sample 
Mann-Whitney U tests was used. Categorical data was analyzed by 
Fisher’s exact tests, due to cell frequencies below 5 in all variables.
Reliability for the matching procedure (between first and sec-
ond matching round) was assessed via Pearson correlations, or 
rather Spearman correlations in case of a violation of normal dis-
tribution, for tinnitus loudness and tinnitus or centre frequency. 
Statistical significance was defined as p ≤ 0.05 for all analysis.
Results
Participant Characteristics
Demographic and clinical characteristics for the whole 
study sample and for tinnitus sub-groups (noise-like and 
tonal tinnitus) can be found in Table 1. A Fisher’s exact test 
was able to identify a significant association between gen-
der and the type of tinnitus. In the group with tonal tinni-
tus the proportion of female participants was significantly 
lower (p = 0.03). Statistical testing revealed significant dif-
ferences in terms of tinnitus duration and subjective rating 
of tinnitus loudness (VAS loudness), with the noise-like 
tinnitus group showing a shorter duration of tinnitus 
(t[26.95] = –2.45, p = 0.02) and evaluating their tinnitus loud-
ness lower (U = 57.00, p = 0.04). Further, no differences 
were found in TQ (t[26.90] = –0.36, p = 0.72), Tinni- 
tus Handicap Inventory (t[26.26] = 0.22, p = 0.83) or HQ9 
(t[25.28] = –0.09, p = 0.93) scores among the 2 subgroups.
Audiometry and Tinnitometry
Table 1 shows audiometric and tinnitus matching re-
sults with a significant lower tinnitus loudness (corre-
sponding with subjective loudness rating; see the descrip-
tives section above) for both matching procedures 
(matching 1: t[26.94] = –4.66, p < 0.01; matching 2: t[26.52] = 
–4.31, p < 0.01) and MML (t[24.12] = –2.20, p = 0.04) in the 
group of noise-like tinnitus. On the basis of a consolida-
tion of these audiometric and tinnitometric findings, Fig-
ure 1 indicates an overlap of tinnitus frequency with the 
frequency of HL. As might be expected, the length of the 
first and second matching process was significantly short-
er in the tonal tinnitus group (cf. Table 1). Mean HL dif-
ference for both ears were not significantly different be-
tween groups (left: t[24.19] = 0.60, p = 0.55; right: t[24.25] = 
0.69, p = 0.50). In both groups, the HL was more pro-
nounced on the left side.
There were positive significant correlations between 
the first and the second matching for tinnitus loudness 
(noise-like: r = 0.77, p < 0.01; tonal: r = 0.73, p = < 0.01) in 
both groups. With respect to tinnitus/centre frequency a 
positive significant correlation was only observed in the 
tonal tinnitus group (noise-like: r = 0.14, p = 0.64; tonal: 
r = 0.65, p = < 0.01).
Acoustic Stimulation
Prima facie, the stimulus IBP40 appeared to produce 
the strongest tinnitus suppression regardless of group and 
time (M = 86.16, SD = 25.60), whereas at time point T0 
(immediately after stimulation offset), WN40 induced the 
lowest tinnitus loudness (M = 73.10, SD = 41.76). Descrip-
tive statistics for the 7 utilized stimuli averaged over time 
and for time point T0 are listed in online supplementary 
Table S1 (see www.karger.com/doi/10.1159/000504593 
for all online suppl. material) for the whole sample and 
divided for subgroups. Figure 2 shows the time curve for 
all stimuli with respect to tinnitus loudness ratings, in the 
same manner online supplementary Figure S1 provides 
information about single subject responses for each stim-
ulus. No confounding effect caused by the order of the 
stimuli in the stimulation sequence was detected by our 
analysis (t[1,215.60] = 0.09, p = 0.93) and therefore stimuli 
order was not entered in the final model fitting procedure. 
In accordance with the previous described model fitting 
approach (cf. section statistical analysis in methods part), 
we were able to identify the following model with the best 
fit to our data: response ∼ condition + time × group + (1|id). 
Detailed results of the model fitting are outlined in online 
supplementary Table S2. By testing the fixed effects of the 
model via expected mean square approach, significant ef-
fects for condition, time, group and for the interaction 
time × group on tinnitus loudness were observed (cf. Ta-
ble 2). Subsequent post-hoc contrasts for condition failed 
to find statistically significant differences in tinnitus loud-
ness ratings with respect to the applied stimuli (Table 3). 
Table 2. Fixed effect testing
numDF denDF F p value
Condition 6.00 1,392.00 3.35 <0.01
Time 6.00 1,392.00 39.84 <0.01
Group 1.00 29.00 5.04 0.03
Time × group 6.00 1,392.00 15.17 <0.01
numDF, degrees of freedom numerator; denDF, degrees of 
freedom denominator.
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Interestingly, a significant difference in tinnitus loudness 
ratings between the 2 subgroups was revealed indepen-
dently of condition and time as exemplified in Table 4 and 
Figure 3 (noise-like: M = 82.14, SD = 26.68; tonal: M = 
94.79, SD = 16.44; t[31.15] = 2.17, p = 0.04). On the basis of 
a significant interaction among group and time, we con-
trasted the mean tinnitus loudness for each group for all 7 
time points after stimulation. Our results point out a sig-
nificant difference between the groups only at T0 (noise-
like: M = 63.98, SD = 36.49; tonal: M = 90.19, SD = 28.01; 
t[38.40] = 4.27, p < 0.01; cf. Table 5).
Stimulus Evaluation
Arousal
As pointed out in online supplementary Table S3 and 
Figure 4, emotional stimuli evaluation for the whole group 
Table 3. Post-hoc Tukey contrasts for condition
Contrast Estimate t p value
IBP – IBP10 –1.53 –1.06 0.94
IBP – IBP10_MML –4.38 –3.05 0.04
IBP – IBP40 1.08 0.75 0.99
IBP – WN –2.76 –1.92 0.47
IBP – WN10 –2.17 –1.51 0.74
IBP – WN40 –0.34 –0.24 >0.99
IBP10 – IBP10_MML –2.86 –1.98 0.42
IBP10 – IBP40 2.61 1.81 0.54
IBP10 – WN –1.23 –0.86 0.98
IBP10 – WN10 –0.64 –0.44 >0.99
IBP10 – WN40 1.18 0.82 0.98
IBP10_MML – IBP40 5.47 3.80 <0.01
IBP10_MML – WN 1.63 1.13 0.92
IBP10_MML – WN10 2.22 1.54 0.72
IBP10_MML – WN40 4.04 2.81 0.08
IBP40 – WN –3.84 –2.67 0.11
IBP40 – WN10 –3.25 –2.26 0.27
IBP40 – WN40 –1.43 –0.99 0.96
WN – WN10 0.59 0.41 >0.99
WN – WN40 2.41 1.68 0.63
WN10 – WN40 1.82 1.27 0.87
Degrees of freedom = 1,410.23; SE = 1.44. IBP, individualized 
bandpass filtered; MML, minimum masking level; WN, white 
noise.
Table 4. Post-hoc Tukey contrasts for group
Contrast Estimate t p value
Tonal vs. noise-like 12.65 2.17 0.04
Degrees of freedom = 31.15; SE = 5.84.
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Fig. 3. Mean suppression differences be-
tween groups. Time curve of the averaged 
tinnitus suppression values split for tonal 
and noise-like tinnitus. SD for the mean 
suppression data of each group is plotted as 
a grey ribbon. Differences between the 2 
subgroups were found to be significant.
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identified the highest arousal ratings for stimulus IBP40, 
while IBP10_MML expectably manifested in the lowest 
arousal values. Model fitting proceedings identified the 
subsequent model with the best fit for our arousal data: re-
sponse ∼ condition + (1|id) (cf. online suppl. Table S4). 
Fixed effect testing detected a significant effect for condi-
tion (cf. Table 6). Ensuing post-hoc contrasts revealed sig-
nificant differences in arousal ratings for IBP versus IBP40 
(t[180.21] = –3.08, p = 0.04), IBP10 vs. IBP10_MML (t[180.21] 
= 2.98, p = 0.05), IBP10_MML versus IBP40 (t[180.21] = 
–4.33, p < 0.01), IBP10_MML versus WN10 (t[180.21] = 
–3.66, p < 0.01), and IBP10_MML vs. WN40 (t[180.21] = 
–4.04, p < 0.01). Post-hoc analysis results are reported in 
Table 7; relevant significant results are highlighted in bold.
Valence
In line with the descriptive arousal results, IBP10_
MML had the highest ratings for valence, whereas stimu-
lus WN40 was evaluated with the least valence (cf. online 
suppl. Table S3; Fig. 4). Same model structure was fitted 
as for the arousal data (cf. online suppl. Table S4) and 
likewise a significant effect of condition was found (cf. 
Table 6). Post-hoc results are listed in Table 7 and dem-
onstrate a significant difference for IBP10_MML versus 
WN40 (t[180.21] = 3.78, p < 0.01).
Discussion
The aim of the present study was to investigate the ef-
fects of different IBP and AM noise stimuli on RI in people 
with tonal and noise-like tinnitus. To the best of our 
knowledge, no former study has systematically investigat-
ed the deployed acoustic stimulation procedures, especial-
Table 5. Post-hoc Tukey contrasts for group × time
Contrast Estimate t p value
Tonal vs. noise-like
Time
0 26.21 4.27 <0.01
30 20.05 3.27 0.10
60 13.61 2.22 0.62
90 9.91 1.62 0.93
120 7.61 1.24 >0.99
150 5.54 0.90 >0.99
180 5.59 0.91 >0.99
Degrees of freedom = 38.40; SE = 6.13.
Table 6. Fixed effect testing – arousal and valence
numDF denDF F p value
Arousal condition 6.00 174.00 5.17 <0.01
Valence condition 6.00 174.00 3.25 <0.01
numDF, degrees of freedom numerator; denDF, degrees of 
freedom denominator.
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Fig. 4. Valence and arousal rating per stim-
uli. Parentheses show 95% CI for arousal 
and valence ratings for all stimuli. Lowest 
tolerability was found in WN40 as indicat-
ed by high arousal and low valence stimu-
lus valuation, whereas stimulus IBP10_
MML shows the highest tolerability. WN, 
white noise; MML, minimum masking lev-
el; IBP, individualized bandpass filtered.
Co
lor
 ve
rsi
on
 av
ail
ab
le 
on
lin
e
Schoisswohl/Arnds/Schecklmann/
Langguth/Schlee/Neff
Audiol Neurotol10
DOI: 10.1159/000504593
ly neither AM nor IBP sounds, in noise-like tinnitus cases. 
A parametric noise-band matching approach was applied 
in order to personalize BP settings in accordance with the 
tinnitus characteristics in the group with noise-like tinni-
tus, whereas the group with tonal tinnitus matched their 
tinnitus via the centre frequency of a fixed filter band-
width. Taken together, all these aspects constitute novel 
lines of investigation within tinnitus research. Omnibus 
results of our experiment emphasize the ability of all used 
noise stimuli in inducing RI (cf. Table 2). The time cours-
es and different suppression patterns for each stimuli ap-
pear in a similar manner as in previous studies, in that they 
generally converge over time after an initial maximum of 
suppression [Feldmann, 1983; Roberts et al., 2008; Neff et 
al., 2017, 2019; Vernon and Meikle, 2003; Roberts, 2007].
Contrary to our hypotheses, no statistically significant 
differences between the various stimuli and their impact 
on tinnitus perception respectively RI was observed. In 
more detail, neither the customization of the noise bands 
nor the AM resulted in significant differences between 
the conditions (i.e., stimuli). This outcome is in conflict 
with findings of earlier studies, which have suggested ad-
vantages of AM pure tones for RI [Neff et al., 2017, 2019; 
Reavis et al., 2012; Tyler et al., 2014]. Yet, looking at these 
studies, pure tones were only compared to AM pendants 
with the exception of Tyler et al. [2014], who contrasted 
AM pure tones with unmodulated broadband noise.
A potential explanation for the lack of advantage of 
AM stimuli could be attributed to the circumstances, that 
noise is inherently composed of a wide spectrum of fre-
quencies and signal-inherent amplitude modulation 
rates. These may cover up or neutralize the potential ef-
fects of certain AM rates for RI.
To the best of our knowledge, no former study spe-
cifically tested RI or sound therapies in entities with 
noise-like tinnitus. Of special interest, our analysis re-
vealed statistical differences in RI for the subgroups 
noise-like and tonal tinnitus, with the noise-like group 
demonstrating larger RI than the tonal group. These sig-
nificant differences were only observed immediately after 
the stimulation, suggesting a time-limited advantage of 
noise stimuli for RI in noise-like tinnitus. The reason for 
this group-difference is not clear, and a possible rationale 
may be due to physiological differences between these 2 
groups with a supposed additional contribution of the ex-
tralemniscal system in noise-like tinnitus [Møller, 2006].
Table 7. Post-hoc Tukey contrasts for condition
Contrast Arousal Valence
estimate t p value estimate t p value
IBP – IBP10 –0.62 –1.73 0.60 0.17 0.39 >0.99
IBP – IBP10_MML 0.45 1.25 0.87 –0.48 –1.08 0.93
IBP – IBP40 –1.10 –3.08 0.04 0.59 1.31 0.85
IBP – WN –0.38 –1.06 0.94 0.14 0.31 >0.99
IBP – WN10 –0.86 –2.41 0.20 0.79 1.77 0.57
IBP – WN40 –1.00 –2.79 0.08 1.21 2.70 0.10
IBP10 – IBP10_MML 1.07 2.98 0.05 –0.66 –1.47 0.76
IBP10 – IBP40 –0.48 –1.35 0.83 0.41 0.93 0.97
IBP10 – WN 0.24 0.67 0.99 –0.03 –0.08 >0.99
IBP10 – WN10 –0.24 –0.67 0.99 0.62 1.39 0.81
IBP10 – WN40 –0.38 –1.06 0.94 1.03 2.32 0.24
IBP10_MML – IBP40 –1.55 –4.33 <0.01 1.07 2.39 0.21
IBP10_MML – WN –0.83 –2.31 0.25 0.62 1.39 0.81
IBP10_MML – WN10 –1.31 –3.66 0.01 1.28 2.86 0.07
IBP10_MML – WN40 –1.45 –4.04 <0.01 1.69 3.78 <0.01
IBP40 – WN 0.72 2.02 0.41 –0.45 –1.00 0.95
IBP40 – WN10 0.24 0.67 0.99 0.21 0.46 >0.99
IBP40 – WN40 0.10 0.29 >0.99 0.62 1.39 0.81
WN – WN10 –0.48 –1.35 0.83 0.66 1.47 0.76
WN – WN40 –0.62 –1.73 0.60 1.07 2.39 0.21
WN10 – WN40 –0.14 –0.38 >0.99 0.41 0.93 0.97
Arousal: Degrees of freedom = 180.21; SE = 0.36; Valence: Degrees of freedom = 180.21; SE = 0.45. IBP, indi-
vidualized bandpass filtered; WN, white noise; MML, minimum masking level.
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A further potential confounding factor for this group 
effect might be the fact that tinnitus loudness as elicited 
by MML, tinnitus matching and also in subjective ratings 
via VAS scales was found to be significant higher in the 
tonal subgroup. On the other hand, with no meaningful 
difference in HL between the groups and in consequence 
similar SLs, the putative confounding influence of these 
measures may play a negligible role. An in-depth analysis 
of the noise-like tinnitus group exclusively, demonstrated 
no statistical differences in tinnitus loudness ratings with 
respect to the used stimuli in a similar fashion as the anal-
ysis of the whole study sample.
However, since the bandwidth of BP filter settings in 
participants with tonal tinnitus was set to a range of one 
octave around the individual tinnitus frequency, whereas 
participants with noise-like tinnitus were able to individ-
ually adjust the BP filter settings, the differences in the 
subgroups may also derive from discrepancies in stimuli 
creation.
It was expected that a stimulation with noise is more 
pleasant or tolerable than a stimulation with pure tones. 
Unlike this assumption, our findings reveal a similar tol-
erability pattern for AM noise stimuli as Neff et al. [2019] 
on the basis of AM pure tones (cf. Fig. 4). The analysis 
conducted also show, that AM might lead to more arous-
al as indicated on a descriptive level as well as the signifi-
cant difference between IBP and IBP40 (cf. Table 7). As 
must be expected, the lower intensity stimulus (IBP10_
MML) had the lowest arousal and highest valence ratings.
Our results indicate that the used matching method is 
feasible for determining tinnitus characteristics. In detail 
there was good consistency for both tinnitus loudness 
and frequency for both matching trials in noise-like and 
tonal tinnitus groups. These findings are in line with 
Henry et al. [2013], who already reported test-retest reli-
ability for noise-band tinnitus matching.
Limitations
The generalizability of these results is subject to certain 
limitations. As already discussed above, the significantly 
lower tinnitus loudness in the group of noise-like tinnitus 
could weaken our findings of subgroup differences in 
short-term tinnitus suppression.
However, as no difference in HL and equality in SL 
were observed, this may not play a significant role.
Likewise, the sample size of this experiment is rather 
small and gender ratio in the subgroups is unbalanced. 
One main issue is the impossibility to control for poten-
tial participant-related failures in noise-band matching. 
But for all of that, unavailable validation of the quantifica-
tion of peoples’ tinnitus characteristics represents a com-
mon problem in tinnitus matching approaches, as it is a 
subjective phenomenon. Future studies should strive for 
new possibilities in verifying tinnitus matching results, as 
well as optimization of given methodological approaches.
Since we did not compare tonal and noise stimuli, it is 
not possible to make a statement about a general superi-
ority of noise stimuli in short-term tinnitus suppression 
in noise-like tinnitus.
Conclusion
The current study demonstrates a general efficacy of 
noise stimuli with different AM rates and filtering strate-
gies for RI. Contrary to our expectations, no differences 
between the types of stimuli were observed. There were 
differences in RI among the subgroups of noise-like and 
tonal tinnitus, with better performance directly after the 
stimulation in the noise-like tinnitus group, were ob-
served. Although, no stable rationale for the group differ-
ences can be provided, the findings may provide insights 
in the mechanism of RI for different tinnitus types. Future 
studies with larger sample sizes, improved matching/au-
diometry procedures and more acoustic stimulation rep-
etitions per stimuli are needed to investigate these poten-
tial differences in more detail in order to enhance our 
understanding of the effects of acoustic stimulation on 
tinnitus perception.
Taken together these results illustrate the potential of 
noise-stimuli in short-term tinnitus suppression, espe-
cially in entities with noise-like tinnitus.
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